The methyl torsional fine structure in the rotational spectrum of gauche butane in the vibrational ground state was investigated in the frequency range between 10 and 141 GHz. Using the internal axis method (IAM) in the formulation of Woods, all internal rotation parameters were determined with high accuracy. The barrier height of the methyl internal rotation was determined to 11.34 (29) kJ/mol (2.710 (69) kcal/mol).
Introduction
n-Butane exists in two stable rotational conformers, the non-polar low energetic trans and the high energetic gauche form. The energy difference AH, determined with different methods by several authors [1] [2] [3] [4] [5] [6] , seems to decrease by at least 0.6 kJ • mol -1 when the gas passes through the phase transition into the liquid state. Using the most recent gas-phase result, AH = 2.94 kJ • mol -1 [6] , one calculates relative gauche-butane concentrations of 32% at -30° C and of 24% at -80 °C in a sample cell under microwave spectroscopical low-density conditions. A detailed consideration shows that rovibrational cooling overcomes concentration losses into the trans state down to temperatures as low as -170°C [7] .
The gauche-butane molecule belongs to the point group C 2 where its twofold symmetry axis coincides with the principal inertia fr-axis. Hence it shows only b-type rotational transitions, and the methyl groups are equivalent by symmetry. The rotational spectrum of gauche-butane was first observed in the mm-wave range and assigned by Hüttner, Majer, and Kästle [8] , They determined the electric dipole moment, the rotational constants, all quartic centrifugal distortion constants in Watson A reduction [9] and some of the sextic constants. The electric dipole moment of the molecule, p", is 0.0900(15) D.
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Some mm-wave K-doublets were found to be split in three or more components [8] . Though hindered internal rotation of the methyl gropus must be considered as the most important origin of these fine structures, there is also a slight probability that gauchegauche dihedral tunnelling of the C 2 H 5 groups might have some influence. Several experimental [10] and computational [11, 12] attempts have been made to determine the dihedral potential function of the n-butane system which partly resulted in considerable disagreement of the barrier heights. The present contribution aims at the experimental determination of the methyl barrier, but is also thought to ensure whether or not dihedral effects add to the splittings of the ground-state transitions of the molecule.
Experimental
The sample of butane was obtained commercially from Merck, Darmstadt, chemical purity >99.5%.
The fine structure splittings of 45 rotational transitions, listed in Table 1 , were investigated, 20 of them are in the frequency region between 10 and 38 GHz, 10 in the range between 57 and 63 GHz and the remaining 15 in the mm region between 113 and 141 GHz.
The spectra of the first group were recorded with the microwave Fourier transform (MWFT) spectrometers at Kiel [13] [14] [15] . These transitions were measured at temperatures between -30 and -50 °C and pres-0932-0784 / 90 / 0800-0986 $ 01.30/0. -Please order a reprint rather than making your own copy. [16, 17] . The remaining transitions were recorded in Ulm with source modulation and time averaging techniques described previously [8] . The cell temperatures were chosen close to -80 °C, the gas pressures below 3 mTorr resulting in Doppler-limited line widths. The different degrees of accuracy in the fine structure splitting of the three groups of transitions were accounted for by appropriate weighting, see Table 1 .
Results and Discussion of the Internal Rotation Analysis
The transition frequencies of gauche-butane chosen for the fine structure measurements were predicted with the rotational and centrifugal distortion constants given in [8] . First measurements in Kiel were made in the frequency range from 26.5 to 40 GHz. Some of the Q-branch transitions of the molecule showed triplet fine structures, e.g. 9 18 -9 09 . These structures are typical for molecules possessing two equivalent internal rotors; hence it was attempted to analyze the fine structures by IAM, in the formulation of Woods [18, 19] . First the Fourier coefficient co, (s) was fitted using the Q-branch transition splittings, the other internal rotation parameters were fixed to the values of gauche n-propyl fluoride [20] , Further predictions of the fine structure of transitions were made under consideration of the fitted Fourier coefficient. Finally, twenty transitions of several branches showing internal rotation splittings were used to determine the internal rotation parameters. It was possible to fit all of them with the exception of the moment of inertia of the methyl group l x . By adding the set of data obtained in Ulm in the frequency region above 40 GHz it was possible to fit all parameters. All transitions with observed and calculated splittings are listed in Table 1 . The internal rotation parameters were fitted with the program KC3IAM, written by Woods, modified by Kasten and Hübner. H. Hübner incorporated sextic centrifugal distortion constants and a normalized weighting factor in KC3IAM. The results of the fit and the rotational and centrifugal distortion constants used are listed in Table 2 under Fit I. In a second run we have omitted all transitions above 100 GHz. The resulting parameters and their Table 2 . They compare well with the results of the first calculation, but the correlation matrix indicates stronger dependencies. We consider, therefore, the parameters obtained with the complete data set (Fit I) as the preferable solution. For comparison, the internal rotation parameters of gauche n-propyl fluoride [20] and gauche butyronitrile [21] are listed in Table 3 . An ab initio calculation of the potential height F 3 of gauche-butane was accomplished using the procedure discribed by Aljibury, Snyder, and Strauss [22] . First the equilibrium structure and energy were computed. The resulting methyl rotation value, a = a 0 , was taken as reference for further rotations, the corresponding energy E 0 as zero point for the calculations of energy differences. In the second step one of the methyl groups was rotated by changing the angle a, while the other was fixed to a 0 . In the third step every energy E(a) was calculated with 'full structural relaxation', meaning that all bond lenghts and bond angles with the exception of a and a 0 were fitted again. The energy variation as a function of a was used to fit F 3 to the expression zl£ = 0. given in Table 2 . All calculations were made with the program GAUSSIAN 86 employing the 4-31 G basis set [23] . These results and the overall agreement between the observed and calculated fine structure splittings in Table 1 convincingly show that the latter are solely caused by internal rotation of the methyl groups. In some cases, the deviation between experimental and calculated splittings increases the tolerable amount compared with the estimated uncertainty. Considering the large range of K _-values involved -up to 12 -it may be possible that this is caused by centrifugal distortion effects in V 3 and I a .
